shown that both static and dynamic friction have nonsymmetric characteristic. They depend on the direction of motion. This is considered in the design of the adaptive friction compensation. The proposed scheme has been implemented and tested on a laboratory prototype with good results. The control low is implemented on an IBM-PC. The paper describes the ideas, the algorithm and the experimental results.
introduction
Adaptive control has predominantly dealt with generic models where all parameters are unknown. Such an approach has the advantage that it is general but also the disadvantage that many parameters have to be estimated. Much of the work on adaptive control has also been confined to linear systems. There are in practice many adaptive problems where the system can be described as partially known in the sense that part of the system dynamics is known an another part unknown. In this paper we consider a problem of this type, namely, a servo with nonlinear friction. Friction, which is always present to some degree causes, difficulties and gives rise to poor performance in precision servos in robots and other applications.
Velocity control of a servo motor with friction is considered. It is assumed that seatic and viscouse frictions can be described as nonlinear functions of the angular velocity. The friction characteristics depends on the direction of the motion. The model can thus be split into two parts depending on the! direction of motion. The model isolates the friction torque effects and cancels them by feedback compensation. 
Mathematical models
A DC motor with a permanent magnet was used in our experiments. Such motors are commonly used in robots and precision servos.
The motor is provided with an electronic amplifier with current feedback. If all inertias are reflected to the motor axis the motor can be described by the model:
Here J is the total moment of inertia reflected to the motor axis, K is the current constant, I is the motor current, Tf the friction torque and TI the load disturbance torque. For the purpose of the Investigation of the friction compensation, phenomenas like compliance and torque ripple are not included in the model (1).
Friction Models
Friction models F v e beeydextensively discussed literature, see Dah1 , Walrath and Gilbart and Wilston .
In spite of this there is a considerable disagreement on the proper model structure. It is well established that the friction torque is a function of the angular velocity. There is, however, disagreement as concerns the character of the function.
In the classical coulomb friction model there is a constant friction torque opposing the motion when w # 0. For zero velocity the stiction will oppose all motions as long as the torques are smaller in magnitude than the stiction torque.
This model is represented in Fig. iA. The model has been well established in connection with slow speeds in numerically controlled machines.
;P
The m o y l shown in Fig.15 
Although the main thrust of this paper is to discuss friction compensation it is necessary to also add a conventional feedback loop to evaluate the final results. A natural approach is to design the feedback loop under the assumptions of perfect friction compensation. The system is then described by Since the parameters a a2' and f3 appear in the zontinuous time formulafion It IS natura? to estimate the parameters in this form.
Standard linear parameters estimation methods may be applied to the equation An alternative is to derive a zero-order hold model f o r the motor representation (1-2). This gives
With this approach it is necessary to estimate six parameters instead of four.
Another possibility is to sample with a such short rate that the derivative can be approximated by forward differences, Le.
This approximation retains the number of parameters of the physical model. There are many other alternatives like the Tustin approximation, etc.
Estimation Algorithms
All estimation algorithms can be characterized by the e r r o r model where the function f and the regression vector cp are functions of the data and 0 is vector of the unknown parameters. A recursive least-squares algorithm is then given by the normal equations.
The closed loop scheme with the adaptive friction compensation is shown in Fig. 2 
Control desian
The control design can be made using conventional pole-placement. The system can be described by:
Experiments
The ideas have been tested experimentally on a simple servo. The experimental set up is shown in Fig. 3 . It consists of a servo composed of a DC motor with gear and load. The motor speed is measured using a tachometer. There is friction in the motor bearings and in the gear train. The friction can also be increased by a simple mechanical arrangement. The first experiments were performed using dedicated analog hardware which was built using operational amplifiers. In this experiment it was attempted to reduce the friction by a fixed nonlinear compensator as was discussed in Section 3. A nonlinear friction compensation of the form (4) was introduced and the parameters were adjusted manually. It was found that friction compensation is indeed possible but that the parameters of the friction Compensation depend on the operating condition.
The adjustment of the parameters of the friction compensation is also quite critical. Fig. 4 shows that degradation of the closed-loop responses may occur if the friction parameters are not chosen properly. 
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For the model ( 1 3 the polynomials defined above are; A=l, B=hK/J, and Ai=hai/J, B.=O, 6.=hP./J for i =1, 2. The functions g(t) contain the friction effects to be cancelled.
The closed-loop progerties of the above equations are analyzed in, Canudas .
Fiaure 4. Simulation illustrating the parameter sensitivity of a fixed gain friction compensator. The reference value is w the, process output is w. r
The results in Fig. 4 were obtained by simulation. Similar phenomena would also be found experimentally.
The experiments with adaptive friction compensation were performed under computer control. An IBM PC-XF with the 8087 floating point chip and Data Translation AD and DA converters were used.
The major part ob the software was written in Microsoft Pascal. The MetaWINDOW package was used for the graphics. Concurrency was obtained by a simple scheduler written in assembler. This allowed the control program to r u n in the foreground and graphics and man-machine communication in the background. The minimal sampling rate is 55 ms. F y more details of the implementation aspects, see Braun .
Tracking experiments were carried out with a constant gain regulator wi:hout friction compensation and a controller with adaptive friction compensation. Some results are shown in Fig. 5 . The upper traces in the figure shows the tracking performance with a linear constant gain regulator. Notice the deterioration in performance as the friction is increased.
The lower traces show the corresponding curves for . a regulator with adaptive friction compensation. The improvements are quite noticeable. 
